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1. 0 INTRODUCTION 

Thermal radiation f rom rocket exhaust plumes can be a major heating 

source for the base region of launch vehicles. 

of predicting the radiative flux to this region, the Marshall Space Flight 

Center has sponsored a ser ies  of research studies. 

to the development of a method of +analysis based on random o r  statistical band 

models with a modified Curtiss-Godson approximation for application to in- 

homogeneous gases (References 1 and 2). 

To provide analytical methods 

This research has led 

The purpose of this report is to describe the application of the analytical 

methods to the flux prediction for the S-11 stage of the Saturn V launch vehicle. 

The report concerns itself with three a r e a s  of investigation: (1) a method of 

specifying the gas properties of the exhaust plume for the five-nozzle con- 

figuration; (2)  a limited investigation of a means of reducing computation 

time; and ( 3 )  the prediction of the radiative flux a t  selected points in the base 

region of the S-I1 stage. 

numerically-evaluate the radiation heat t ransfer  is described in Reference 3. 

The computer program which was developed to 
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2.0 EXHAUST PLUME PROPERTIES 

In order to specify the exhaust plume properties it is necessaky to: 

( 1 )  define the ehgine operating conditions 

field to be treated, and (3 )  estimate the gas  properties. 

the operating conditions a r e  easily defined by the trajectory. 

of the flow field to be treated is restricted by computer storage limitations, 

and the estimation of the gas  properties is difficult due to the complex flow 

geometry. 

(2)  define the portion of the flow 

For  the S-II stage 

But the portion 

The S-11 stage uses five Rocketdyne 5-2 engines arranged as shown in 

These engines use oxygen and hydrogen as propellants, but the Figure 1, 

propellant mixture ratio and the nozzle stagnation pressure a r e  varied during 

the flight, 

5.0 (by weight), but shortly after starting, the ratio is increased to. 5. 5. 

5. 5 mixture ratio is maintained for the major portion of the flight (approximately 

284 seconds), and then the mixture ratio is reduced to  4.7 for the remainder 

of the flight (approximately 94 seconds). 

exhaust occurs at the higher mixture ratio, so the operating conditions chosen 

for this analysis were the 5. 5 mixture ratio and the corresponding nozzle 

stagnation pressure of 715 psia. 

The engines a r e  started on a mixture ratio (oxygen/hydrogen) of 

The 

Maximum radiation f rom the rocket 

The radiation computer program (Reference 3)  requires that the flow 

field be specified for radial planes in a symmetrical sector about an  outboard 

engine as shown by Figures 1 and 2. 

center of flow field rather than the center engine, since it simplifies the 

The outboard engine was chosen as the 
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preparation of the flow field and requires less  computer storage for a given 

amount of information. The radiation computer program obtains property 

values in the triangular region c-b-d (Figure 2 )  about the center engine by 

using a similarly located point in region a-b-d, This method assumes that 

plane b-d is a plane of symmetry, and although this is not actually true, it 

is consistent with the flow field approximation which was used. 

of the radiation calculation, any point in the exhaust plume is referred to a 

similar point in the symmetrical sector for which the flow field is defined in 

order  to obtain the gas properties. 

In the process 

Before proceeding with a description of the physical limitations imposed 

on the flow field by storage limitations in the radiation computer program, it 

is desirable to consider the limitations and approximations involved with the 

analytical methods used in estimating the exhaust plume gas properties. A t  

the time the exhaust plume prediction was made, two three-dimensional pre-  

diction methods were being developed, but due to the early point in their 

development cycle there was a lack of confidence that the problem could be 

successfully solved within the desired time period using these methods. Even 

i f  a successful prediction could have been rnade with one of these methods, it 

would have been necessary to prepare a computer program o r  subroutine to 

interpolate in the output to  obtain the proper input form for the radiation 

program. 

Because of the uncertainty and possibility of delay, it was decided to make 

an approximation using the axisymmetric method of characterist ics program 
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described in Reference 4. 

successfully many times to prepare input data f r o m  axisymmetric plumes for  

the radiation programs. 

This program was familiar and had been used 

It allows the use of equillibrium gas  properties 

during expansion and includes a subroutine which will interpolate in the char-  

acteristic net to provide gas properties (temperature, p ressure ,  and gas 

species mole fractions) a s  a function of radius at specified axial locations. 

The axisymmetric program was used to approximate the three-dimensional 

flow field by making a separate run a t  each of the q-planes shown in Figure 2. 

0 , ~  each run, the plume was expanded from the nozzle exit then turned through 

pblique s,hock into a cylinder with a radius equal to the distance between the 

engine cerqt,ey cline and the impingement plane between eqg,iRes. 

sure  ratios at which the s-I1 engines operate produce de$ache,d ox ,normal1 

shocks between plumes, it was necessary to arbitrari ly red,wie ,$he plume ex- 

pansion angle until the expanded flow could be turned into the c y h d e r  by an 

attached oblique shock. 

and the cylinder was approximated by a cone, and various cone angles were tried 

until it was determined that a cone angle of 45O was the maximum angle fo r  

which the flow could be turned successfully at all cylinder radii. 

,S&ce the pres -  

To do this, the plume boundary between the nozzle exit 

The resulting flow geometry and isothermal contours a r e  shown in Figure 3 

for several  representative q-planes, and in Figure 4 for the free-plume boundary 

which does not intersect an impingement plane. A combination of the predictions 

is made in Figure 5 to illustrate the variation of temperatures in a c ross -  

section thru the plume. 
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Although it i s  not possible to make a quantitative assessment  of the 

accuracy of the flow field approximation, the expected effects a r e  to reduce 

the temperature in regions near the base and increase the temperature in 

downstream regions. Effects on the f r e e  plume illustrated by Figure 4 a r e  

negligible from. a radiation standpoint. 

The reduced plume impingement angle resulting f rom the use of the 45O 

conical transition will not only reduce the physical size of the initial impinge- 

ment region, but it will a l so  reduce the temperature in the initial impingement. 

This effect could be quite important for  proximate surfaces such a s  the nozzle 

exit surfaces, but i t  would not be a s  important for more  distant surfaces such 

as the heat shield. An offsetting effect occurs due to the lack of three-dimen- 

sional relief as the gas moves downstream. This will cause the gas in the 

impingement regions to  stay at a higher temperature than should actually 

exist and will result  in an increase in plume radiance. 

The allowable length of the predicted flow field was limited to 300 inches 

primarily because of computer storage limitations which will be discussed 

later. 

it i s  desirable to comment on the flow field aspects 'affecting the length con- 

siderations. 

However, while discussing the effects of the flow-field approximation, 

The shock positions a t  various q-planes shown by Figure 6 

indicate that at all planes up to q= 35O the shock intercepts the plume center 

line at less  than 300 inches f rom the nozzle exit. 

axisymmetric plume, a Mach disk and shock reflection occurs 

When this occurs in an 

and estimates 

of the flow downstream of this point can be made. But in a three-dimensional 
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flow field, an axisymmetric type of reflection would not be even a reasonable 

approximation except on the center engine. This is best illustrated by referring 

to Figure 5. The shocks converge symmetrically on the centerline of the center 

engine; but on the outboard engine, the shock approaches the centerline from one 

side only. 

the approximation is very doubtful, so  it was not considered worthwhile to 

complicate the radiation program geometry by trying to make further estimates 

of shock shape which would be different for the center and outboard engines. 

Therefore, the region between the centerline and the position at which the last 

left running characteristic crossed the 300-inch plane was assumed to be 

isothermal at the Z = 300 inch, q = Oo position. 

a r e  difficult to illustrate, but the effect may be noted a t  the 300-inch position 

in the folow field tabulation presented in the Appendix. 

By the time the shock reaches the engine centerline, the validity of 

The results of this assumption 

If the flow field had been extended beyond 300 inches, the uncertainty 

caused by the flow field assumptions would become quite large,  

mentioned previously, the basic approximation made should give higher tem- 

peratures in the downstream regions, it was considered that this would offset 

the effects terminating the flow field at 300 inches, 

Since, as 

To summarize, the flow field approximation is expected to give lower than 

desired estimates of temperature in the very beginning of the impingement 

regions, but it is expected to predict higher temperatures in the downstream 

portions of the impingement regions. A s  a result ,  the radiant heat f l u x  inte- 

grated over the entire plume is expected to be a reasonable estimate. Now that 
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the plume analysis has been reviewed, the description of the radiation program 

considerations will be completed. 

The radiation computer program uses  linear interpolation to  obtain exhaust 

plume properties f rom a table of properties defined as a function of (Z ,q ,  R)  

as  shown by Figure 1. Due to computer storage limitations, the allowable 

dimensions of this property table were limited to (IO, 13,  3 0 ) .  The distribution 

of the storage between the three dimensions was necessarily somewhat a rb i t ra ry  

but was governed by the following considerations: 

1) The properties were expected to vary more rapidly in the radial 

than in the axial direction. 

2) Although there  a r e  no circumferential property variations upstream 

of the shock caused by the plume impingement, sufficient q-planes 

need to be provided to t r y  to accurately define the shock shape. 

This was important since most of the radiation waa expected to 

come f rom the flow downstream of the impingement shock. 

Although the radial positions used throughout the flow field can be varied 

to best describe the particular flow field conditions, the q and Z positions 

used must be limited to  specific locations to simplify flow field predictions 

and satisfy requirements of the radiation program. The maximum number of 

q values used is shown in Figure 2, but some of these could be omitted for con- 

venience where they were not required (i. e. ,  at Z = 0 the plume is axisym- 

metr ic  so no q dependency exists). These q positions were chosen to provide 

the best  definition of the inner impingement regions which s ta r t  relatively 

close to the nozzle exit and expand to significant dimensions as the flow moves 
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downstream, Similarly, the Z positions were chosen close together initially 

to define the inner impingement regions (values of Z were 0, 20, 30, 40, 60, 

80, 120, 160, 200, and 300 inches). 

the plume close to the nozzle exit plane, the precision of the downstream 

definitiofi was sacraficed. However, this is consistent with the probable de- 

c rease  in accuracy of the flow field approximation downstream of the nozzle. 

In obtaining a more precise definition of 
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3 . 0  COMPUTER PROGRAM 

A detailed description of the radiation computer program is’given in 

Reference 3, but it will be described briefly here  to provide a background for  

the results to be presented. 

will be presented in this section of the occlusions used in the analysis, and 

In addition to the program outline, descriptions 

the parametric studies made in selecting integration intervals to  reduce com- 

puter time. 

3.1 PROGRAM DESCRIPTION 

The computer program i s  divided into two subroutines. The first sub- 

routine reads in the flow field listed in Appendix A and prepares a magnetic 

tape of the gas properties (temperature, pressure,  and mole fraction) along 

each line of sight which passes through the flow field. Lines of sight a r e  

specified along radial lines in a spherical coordinate system about a point a t  

which the radiative flux is desired (point of interest). In this coordinate 

system, S is the distance along the line of sight (or  radius vector), 6 i s  the 

angle between the line of sight and the surface normal, and + is the angle 

defining the position of the projection of the line of sight in the plane of the 

point of interest. 

The second subroutine takes each line of sight and computes the radiative 

flux using the summation 

O f  +f  U f  Sf - 
; / A =  Z Z C I= - B I  [ G ( s , u )  - G  ( s -As ,u  sin0cos0A6A+Au (1) 

6 i  +i o 
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where Bo, i s  the black body spectral radiance evaluated a t  the center of each 

wave number interval, Au,  and G is the average transmissivity. 
- 

The average transmissivity i s  computed using a statist ical  o r  random 

band model with a modified Curtiss-Godson approximation to account for the 

inhomogeneous gas properties. This method i s  described in Reference ]I as 

Model 3a, but the line density and absorption coefficients a r e  obtained f rom 

Reference 2. 

wavenumber range of 50 to 9 1000 cm’l with a spacing of A u  = 25 cm-I e 

3 . 2  BLOCKING CIRCLE CQNFIGURATION 

Absorption coefficients f o r  water vapor a r e  available over a 

The occlusion of lines of sight by par ts  of the S-I1 stage is provided for in 

the radiation program by the use of “blocking c i rc les”  which can be located to 

simulate the vehicle structure. 

to the X - Y  plane, and each i s  located by the coordinates of the center and 

the radius. 

hole. 

the line of sight is terminated a t  the plane of the circle.  

The blocking circles  a r e  in planes parallel 

In addition to location, each circle is identified a s  a disk o r  a 

Whenever a line of sight passes  through a disk, or outside of a hole, 

The occlusions fo r  the S-I1 stage a r e  described by thirty-six blocking 

circles  a s  shown in Table 1. 

type 1, a hole. 

nozzles ( s i x  fo r  each nozzle) and a r e  designated as disks. 

described by one blocking circle which is designated a s  a hole. 

Here it i s  seen that type 0 specifies a disk and 

Thirty of these blocking circles  a r e  used to describe the engine 

The vehicle skir t  is 

The heat shield i s  non-circular and as a consequence, is simulated by a 

configuration of five disks as indicated by the typical quadrant shown in 
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Figure 7. 

105 inches, and the peripheral irregularit ies a r e  simulated by circles  of equal 

a rea ,  

engine nozzles. 

c i rc les ,  no e r r o r  is introduced by the intersection. 

3 . 3  STUDY OF COMPUTER TIME 

Here the heat shield is considered to be a disk with a radius of 

It is noted that the 105-inch radius blocking circle  intersects the five 

Since the nozzles a r e  also occluded by disk type blocking 

In using the exhaust gas  radiation computer program for a single line of 

sight, the computation time is very short. However, when integration over 

many lines of sight is required, the computation time may be several  hours,  

so a brief evaluation was made of several  variables to determine the effect on 

computation time and accuracy. 

step size, the wave number interval, and the minimum absorption coefficient 

to be considered. 

The variables considered were the geometric 

In order to evaluate the effect of these variables, a typical Pine of sight 

was chosen for testing. The location of this line of sight is shown by Figure 6. 

It passes through a plume impingement zone and has temperature and accumu- 

lated f l u x  distributions as shown by Figure 8. The minor temperature fluctu- 

ations evident along this line of sight a r e  typical of fluctuations caused by the 

linear interpolation methods used by the radiation computer program for gas 

prope rt ie s . 
In selecting the geometric limits of S ,  (p, and 8, each limit must be chosen 

large enough to encompass the entire input flow field, so the problem in 

selecting the geometry is essentially one of selecting the desired intervals. 

It is difficult t o  find a cr i ter ia  for specifying the optimum angular increments. 
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A+and he, so they were selected as 3 degrees. This provided reasonable 

resolution and any increment significantly smaller would have produced un- 

reasonable computation times. 

sight, AS, can be varied using a temperature cri teria.  

In contrast, the interval along the line of 

The computer program applies a temperature c r i te r ia  to the increment 

length along a line of sight by first preparing the properties along a line of 

sight using a relatively small step size to define the high temperature impinge- 

ment regions. 

ture change is equal to an input clhange,AT. 

a r e  averaged, and a t e r m  in the summation of Equation 1 is computed. 

the rapid change of temperature in the plume impingement regions, a & of 

three inches was chosen for calculating the gas properties. 

size, the effect on computer time, T 

increments up to AT = 200" R is shown by Figure 9. 

reduction in computer time with only a minor loss of accuracy, the 200° R 

temperature increment was selected for all radiation calculations. 

The properties at each interval a r e  then summed until t he  tempera- 

When this occurs, the properties 

Due to 

F o r  this basic step 

and predicted f lux ,  F,  of using temperature 

Because of the significant 

An equally effective method of reducing computer time was found in in- 

creasing the wave number interval (Au) used in Equation 1, The radiation 

computer program requires that the wave ,number interval be 8 multiple of 

the 25 em'* interval used in the water vapor absorption coefficient table, 

a given problem, the computation time will be approximately inversely pro- 

portional to the wave number interval used. This is shown by Figure PO for 

wave number intervals of 50 and 100 cm-8. 

For 

Since a significant saving in 
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computer time occurred with negligible loss in accuracy using Au = 100 cm-', 

this interval was selected for the S-I1 radiation estimates. 

Another time-saving variation which was allowed for in the radiation pro- 

g ram was a minimum absorption coefficient test. 

interval for which the absorption coefficient i s  below a specified minimum 

(Hmin) is neglected. 

method in which it was programmed did not allow for maximum effectiveness. 

The program does not provide any weighting for the absorption coefficient tes t  

a s  a function of the pressure and temperature in the gas. 

significant radiation from a hot, dense region m y  be neglected due to the 

absorption coefficient being too low. 

In this option any spectral  

Although this can reduce the computation time, the 

Because of this, 

The results of the tes t  cases with minimum absorption coefficient (Hrnin) 

values of and a r e  presented in Figure 11. Since the time-saving 

resulting from this option i s  not great  and the results a r e  likely to be of un- 

predictable accuracy, this option was not used in the S-11 radiation prediction. 
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4 . 0  RESULTS 

Radiation calculations were performed for eight points of interest  (POI) 

in the base region of the S-I1 stage. 

represent regions where the maximum radiation heating was anticipated on the 

heat shield, engine nozzle, thrust  cone, and interstage. In addition, the points 

selected on the heat shield correspond to positions selected for flight measure- 

ments with radiation calorimeters, 

These points, shown in Figure 12, 

The radiation calculations were carr ied out using geometric integration 

limits which would include the entire exhaust plume approximation described 

in Section 2. 

available water vapor absorption coefficients, i. e .  

corresponds to wavelength range of 0.91 to 200 microns). 

The wave number range used corresponded to the range of 

50 to PI000 cm” (this 

The results of the radiation predictions are presented in Table 2 with a 

comparison of previous estimates using a less  exact method, Results of the 

two methods agree surprisingly well, and the heat shield flux is close to  the 

rough estimate of 1. 14 watts/cmz (for an engine mixture ratio of 5) which was 

made before any detailed calculations were carr ied,out  (Reference 6). However ~ 

the reasonable agreement between the various methods should be considered 

coincidental. 

The computer time (IBM 7094) required initially to  generate the flow 

field was approximately 5 hours and the time required for radiation estimates 

was a maximum of about 2 hours per point. 

greatly in proportion to  the number of lines of sight which hit the exhaust 

The radiation calculation time varied 
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plume and the temperature variations along the line of sight. 

quired to perform the flow field interpolation was typically about 10 minutes 

per point, so the major portion of the run time was required for the detailed 

radiation calculations. 

The time r e -  

It should be possible in future estimates to reduce the computer time by 

deleting a large portion of the short wavelength spectrum (i. e . ,  v = 6000 to  

11000 cm” ), but at the time these estimates were made, this method was 

not used due to lack of sufficient previous experience. 

estimates for a line of sight across  a J - 2  engine plume near the nozzle exit, 

it was found that 97 percent of the radiant flux f r o m  water vapor in the plume 

lies between wavenumbers of 100 and 6000 cm-I (wavelengths of 1.67 to 100 

microns ) . 

In more recent 
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5. 0 CONCLUSIONS 

This was the first application of the band -model radiation calculation 

procedure to the prediction of radiant flux from the three-dimensional ex- 

haust plume of a cluster of rocket engines. Although the prediction of the 

exhaust plume properties involved simplifying approximations, it i s  believed 

that similar applications to upper stages a r e  feasible and will provide reason- 

ably accurate estimates. 

taining carbon particles o r  to a plume a t  low altitude with afterburning would 

be considerably more difficult and the results much less  certain due to  the 

unresolved problems in gas property predictions. 

accuracy and feasibility of exhaust plume radiation predictions is now depen- 

dent mainly on the availability of satisfactory exhaust plume property pre-  

diction methods. 

However, a similar application to a plume con- 

It is apparent that the 

The analytical radiation prediction methods a r e  reasonably well defined 

at the present time, although it is anticipated that the water vapor band-model 

parameters will be refined as more experimental data become 

Further refinements a r e  a lso planned for  future radiation computer programs 

based on the experience gained in this application. 

be planned to  improve input/output flexibility and reduce running time, 

available. 

These modifications will 
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POI 

HS-1 

HS -2 

NE -1 

NE-2 

TS-1* 

TS-2 Jc 

IS-1 

IS -2 

TABLE 2.  POINT OF INTEREST PARAMETERS 

X 

In. 

52.5 

70.711 

66.6 

66.6 

140.0 

124.5 

140.0 

140.0 

Y 

In. 

0 

-70.711 

0 

0 

-140.0 

-124.5 

-140.0 

-140.0 

POI Point of Interest  

HS Heat Shield 

NE Nozzle Exit 

TS Thrust Structure 

IS Interstage 

Z 

In. 

-60 

-60 

0 

0 

-212 

-212 

-16 

- 16 

RADIATIVE2FLUX 
WATTS /CM 

REF. 5 PRESENT 

0.90 1,11 

1.18 1.14 

4.20 4641 

WORK 

2.04 2.58 

0.17 0.15 

0.07 0.05 

0.73 0.79 

1.25 1.11 

* The blocking c i r c l e  corresponding t o  the interstage 
s k i r t  was not used for these points .  



8- 1 
N O T E  : ALL DIMENSIONS A R E  IN INCHES 

19 o u n d a r y  of Flow 

o m p u t e  r Input 

s -11 
Station 

-1 6 
0 

24 
44 

112 

196 

Z 
0 

-16 

-4 0 
-6 0 

-128 

-212 

FIGURE 1. SATURN S-I1 BASE CONFIGURATION AND RADIATION 

PROGRAM G E O M E T R Y  
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a-3  
rpI Boundary for Flow !. ield Approxirriation 

Isotherrrial Contours - Flow Field Approximation 
All 'Temperatures in OR 

- 

50 

0 

Id 
F4 

50 

0 

I 

2400 

5 0  1 do 150  2 do 25 0 300 

Distance from Nozzle Exit, Z- Inches 

FIGURE 3 TYPICAL PLUME TEMPERATURES FOR THE S-I1 
F L O W  FIELD APPROXIMATION 



Boundary for Flow Field Approxiiziation 
- e  - Isotherltial Contours - P Lurrte Approximation 
-- - Isothermal Contours rc- F r e e  Pl.urrie at 240 KFT - Superiniposed isot1iern)al Contours for Plume 

Approxiiwation and F r e e  Plume 

All Temperatures in H 
0 

8-4 

50 100 150 200 25 0 3 00 
Distance f rom Nozzle Exit, Z - Inches 

FIGURE 4 e COMPARISON OF F R E E  PLUME TEMPERATURES 
TO THE S-I1 FLOW FIELD APPROXIMATION 



8-5 

200- 

150 

100- 

5 0  

0- 

5 0  

100- 

150 

200, 

0 Note: All  Teniperaturcs in  R 

-" ---mr".m-"x- 

- 

3000° 

--- 

I__ --.I 

- - -  

D i s t a n c e  from Nozz le  Exit, Z - Inches 

Z In. 
1 

FIGURE 5 . ISOTHERMAL CONTOTJRS F O R  THE X-Z  P L A N E  
O F  THE S-11 F T D W  F I E L D  APPROXIMATION 



8 - 6  

0 50  P 00 150 200 250 300 
D i s t a n c e  From N o z z l e  Exit, Z- Inches 

F I G U R E  6. SHOCK POSITION FOR THE S-I1 F L O W  
F I E L D  APPROXIMATION 



a- 7 

FIGURE 7. HEAT SHIELD BLOCKING CIRCLE APPROXIMATION 
(SYMMETRICAL QUADRANT) 



8-8  

Notes: 

U-- Plume Temperature 

1.  Multiply Flux by 730 
to convert to Intensity in 
BTU/ft2 - sec-ster. 

2.  Multiply Flux by 1, 135 to 
convert to Wattsjcm’.. 

3 .  0 Denotes C-alculated Data 
Points. 

V k /  BTU/ f t t  -Sec 
A. Times 10” 

Line of Sight Distance, s - Inches 

FIGURE 8. COMPARISON OF ACCUMULATED FLUX AND 
TEMPERATURE PROFILE ALONG A SELECTED 
LINE O F  SIGHT 
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T~ 
= computer run time based on the reference conditionsr 

D,u = 25, A T =  0 .0 ,  and A s  = 3. 
Fr = computed flux for reference conditions 

1. 0 

. 9 9  

. 9 8  

F/F, 

. 97  

. 9 6  

95 
10 

0 T E M P E R A T U R E  I N C R E M E N T  - R 

FIGURE 9. EFFECT O F  VARYING T E M P E R A T U R E  STEP I N C R E M E N T  
O N  C O M P U T E R  RUNNING T I M E  AND CALCULATION ACCURACY 



8-  10 

T~ 

Fr 

=computer run time based on the reference conditions, 
H,in = 0. 000, Au = 2 5 ,  AT = 0.0 ,  and A S  = 3 inches. 

=computed flux for reference conditions 

1. 0 

0. 8 

T 0. 6 - 
Tr 

0.4 

0. 2 

0 

WAVE NUMBER I N C R E M E N T  - C M  -’ 

1. 0 

. 9 9  

. 9 8  F/Fr 

. 9 7  

. 9 6  

* 9 5  

F I G U R E  10. EFFECT OF VARYING WAVE NUMBER ON C O M P U T E R  RUNNING 
T I M E  AND CALCULATION ACCURACY 
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Tr 

F r 

1. 0 

0. 8 

T 0. 6 
71 

0.4 

0. 2 

0 

=computer run time based on the reference conditions, 
Hmin = 0. 000, AIJ = 25, and AT=O. 0 

=computed flux for reference conditions 

1. 0 

. 9 9  

0 98 

.97  

+ 96 

0 95 

F/F, 

F I G U R E  11. EFFECT OF VARYING Hmin ON C O M P U T E R  RUNNING 
T I M E  AND CALCULATION ACCURACY 
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17.5 2300eO 232.0 0 e 6930 
19.5 2360.0 236.0 ~ 0.6930 
21.0 2379 .0  24L,O 0.6930 





- -  I 
I A 4  



52.3 112280 



- -  I 
i A& 

K P F 

33,7 2772.0 522.0 

39 .7  2224 m 0  18010 0 , 6 9 3 0  
41.7 2039*0 114.0 0,6930 

3.7 2317.0 212.L) 
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J P F 

2187.0 

38e2 2377eO 240a0 0.6930 
34-7 2 2 2 4 a U  180,t) 9,6930 

3 9 e 1  2207.U 0 a 6930 



9.8 2 17  B 1 t1 157.3 O.6930 
12.0 2 1 5 5 0 0  149.3 0,6430 
13.9 2135.0 14300 0.6930 

2307.0 2ot1. 3 0,6930 
4670 
3133. 
'3 ?"I 6 

35.4  2 4 3 4 - 0  270,d Om6930 
37, 5 23C8 * o  2C8,d d e b 9 3 0  

i 2304mU 207,o U e  6930 



R T P 

49.5 1565eO 3 4 ,  $1 9.6930 
X 6  

0‘9 
i b  

23.9 2168aO 154,o 

3292 2613 00 3 6 3 . 0  0 6930 
3 3 , 7  2532.0  3 2 7 , o  0,6930 

270-3 0,6930 

59*1 4115,o 2S3, i l  016790 
5 9 , s  4 4 3 3  m 0  * 214,O 0,6520 , 
60-7 4429-0 214,3 0c+4530 

3 . 5  2264.9 19G.O 0.6930 
5.5 2234sO 178eO 0,6930 
7 , a  2205m0 167.0 0.6930 .d 

16,s 2120.0 133,o  016930 
19*1 2125-0 139e-0 0 * 5930 
21.7 2141-0 145.0 0,6930 



41.6 2054.0  0 o 4930  

l a 6  2 2 S 4 w O  



3Um7 2 0 4 2 e U  40700 

32.2 2613eO 383.0 0 e 6930 
33.7 2532.0 327.0  W m 6930 

4 4 .  L 1894.0 81.0 * 0.6930 
46.4 1748eO 513 . 0 0.6930 
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K T P F 

35.4 2434.0 27000 

44.1 
46a4 

I 49-5 

ia44.0 81.0 U 8 6930 
1748,O 5b.O 0,6830 

34.0 0,6930 

0,6930 

32.2 2613aO 381)OQ 
33.7 2532 0 0  32700 
35.4 2434.0 2 7 O a O  

4401 1894.0 81.3 0,6930 

68.4 1803.0 5 a 3  0. 6930 
Z =  40.0 NET= 12 
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41.9 2348-0 97-0 006930 
44.0 2388.0 9600 0,6930 



I 

R P F 

i 1285eO 15.0 Oo.6930 

11.2 134310 i a o o  016930 
12.1 1352.0 I d e o  13 o 6930 
14*4 1359,o 0 0 6930 

21.9 1385,O 2000 0,6930 
26.1 1391.0 21.0 0,6930 
276.5 2274mO 116aO 0, 6930 

366.0 2244ec) 95.0 016930 
37.4 2248.0 9410 0,6930 

51-8 2538,O Y2*0 0 8 6930 
57.0 2711e0  93-0 0,6930 

11.2 1 3 4 3 , o  0,6930 

21e9 1334.0 2010 0,6930 
24-1 1386.0 20*0 0.16930 

36-1 132300 016930 
3780 1307,o 16.0 016930 
3 a 8 2  12896.0 14.0 0,6930 



R T P F 

42.5 2197-0 0,6930 

7186 3148,O 0 e 6930 

i 4 * 6  12t0.0 14eO 0 a 6-930 
I 5*7 1285eO 15.0 0 o 6930 

? * a  130200 1 6 e Q  0 a 6930 

20 00 0.6930 
30*8 1385,O 20,o 0 6830 
33.9 13131sO 2OBO 0,6930 

45.5 1211,o 0,6930 

4a6 1266.0 14.0 0.6930 
5.7 1285,O 15.0 0,6930 



I 3 4 2 7 e O  4890 0,6900 I 94890 42210.0 105.0 
I 

28200 4167100 9300 0,6640 
28700 107.0 



R f P F 

750ma 31.6 016930 
664-0 0,6930 


